Abstract. Today, industries ensure the quality of their manufactured products through computer vision techniques and nonconventional imaging. Three-dimensional (3-D) scanners and nondestructive testing (NDT) systems are commonly used independently for such applications. Furthermore, these approaches combined constitute hybrid systems, providing a 3-D reconstruction and NDT analysis. These systems, however, suffer from drawbacks such as errors during the data fusion and higher cost for manufacturers. In an attempt to solve these problems, a single active thermography system based on scanning-from-heating is proposed in this paper. In addition to 3-D digitization of the object, our contributions are twofold: (1) the nonthrough defect detection for a homogeneous metallic object and (2) fiber orientation assessment for a long fiber composite material. The experiments on steel and aluminum plates show that our method achieves the detection of nonthrough defects. Additionally, the estimation of the fiber orientation is evaluated on carbon-fiber composite material. © 2015 SPIE and IS&T
Introduction
Active infrared (IR) thermography has become one of the essential techniques for nondestructive testing (NDT). Approaches such as pulse thermography, 1 pulse phase thermography, 2 or lock-in thermography 3 have proven to be effective to characterize defects. In recent years, an evolution of NDT systems by adding three-dimensional (3-D) measurements has been noted. Fernandes and Maldague 4 reconstruct carbon fiber objects using a 3-D scanner and determine the orientation of the fiber with a laser and an IR camera. Subsequently, the thermal information is mapped to the reconstructed 3-D model. Similarly, Oswald-Tranta and Leary 5 detect cracks in nonmagnetic materials based on the fusion between the IR and the 3-D data, obtained through an inductive NDT system and a conventional stereo vision system, respectively. To quantify the energy losses in buildings, Vidas et al. 6 map the thermal information on the 3-D data using a Microsoft Kinect and a thermal camera. To conclude, it can be noted that most of the proposed prototypes are actually using two systems: a 3-D scanner and a nondestructive inspection system in the IR range. These hybrid systems steps of 3-D reconstruction and NDT inspection suffer from drawbacks such as errors during the data fusion.
Scanning-from-heating (SFH) offers an alternative. This approach is initially used to reconstruct objects into 3-D. Indeed, Eren et al. 7 achieve impressive results using SFH in which the geometry of glass or plastic transparent objects is estimated based on active triangulation. The transparent object is placed on a gliding stage and is locally heated using a CO 2 laser source of 10.6-μm wavelength. The emitted radiation is acquired by an IR camera and the 3-D position of the heated point is recovered, thanks to a prior calibration, with an accuracy on the order of 100 μm.
Bajard et al. 8 have extended this method for metal objects which have different radiative and conductive properties. The CO 2 laser source is replaced by an Nd:YAG laser of 1.06-μm wavelength, since the metals' absorption coefficient at this wavelength is four times greater. The results of the specular objects digitization are shown in Fig. 1 . Other examples of 3-D reconstruction are presented for black plastic, composite material, and ceramic using the same system.
In this work, we present an approach in which SFH is extended to perform both 3-D reconstruction and NDT. We aim at detecting nonthrough defects and estimate the orientation of fibers using punctual stimulation. The proposed approach significantly reduces the cost of the hardware setup and avoids data fusion errors. Furthermore, a simulation is carried out to demonstrate that the nondefective area can be localized using the thermal radiation disturbance.
The rest of the paper is organized as follows: Sec. 2 summarizes related works regarding NDT based on punctual stimulation. The proposed method is explained in Sec. 3, while Sec. 4 presents the experimental results. Conclusion and avenues for future directions are drawn in Sec. 5.
Related Work
Generally, active thermography approaches use a uniform heating over the entire object-surface and the data are processed assuming the one-dimensional model of the heat transfer. However, several works tackle this problem using local heating. Burrows et al. 11 detect crack defects on an object surface using a laser beam. The heat distribution is disrupted by the crack, which highlights cracks. In the case of nonthrough defects, Hammiche et al. 12 make use of a thermal scanning microscope where a probe is put into contact with the surface of the sample. Thermal contrast between the excitation and the response of the material is used to build a contrast image at each scanned point of the object. Along the same lines, Ermert et al. 13 develop a noncontact detection approach based on a scanning electron microscope. A focused and modulated electron beam excites the object surface and the IR radiations are captured by a pyroelectric detector. However, the surface that is controlled is restricted.
Fiber orientation can be estimated using a pulsed thermal ellipsometry technique 14 which consists of heating the part using a laser beam. The inspected part is heated by a laser beam and due to the anisotropy of the material, the observed thermal pattern becomes elliptical. Subsequently, the orientation of the fiber is deduced from the ellipse orientation.
3 Nondestructive Testing Based on Punctual Excitation
Nonthrough Defect Detection
In this section, the concept used to detect a defect is presented and validated through simulation. Then a specific image processing algorithm is developed to analyze the thermal evolution of each heated point.
Simulation
A 3-D transient analysis is developed on COMSOL © software using the finite element method. The test object is a steel plate with 10-mm thickness with the following properties: one face is flat while the other is degraded by nonthrough holes of 10-mm diameter drilled at different depths. A thermal simulation including thin-insulating layer subjected to laser irradiation is carried out. A conductive heat transfer within the metal medium is simulated through the time dependent partial differential equation as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 6 3 8
where ρ is the material density, C p is the specific heat capacity, T is the temperature, t is the time, k is the thermal conductivity, and Q is a heat source term. In our simulation, Q has been set to 0 and the metal medium is considered as opaque. The laser heat source is considered as an inward heat flux and characterized by a Gaussian distribution such as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 5 2 0
where P L is the laser power, r 0 is the laser beam waist, x and y are the spatial coordinates. Furthermore, the black paint layer is considered as a dielectric material so that the energy provided by the interaction between the laser beam and material involves an absorption coefficient α, near 1. Transient conduction analysis of a heat transfer module has been selected to solve the heat equation. The two-dimensional (2-D) geometry of the problem is represented in Fig. 2(a) , where d is the defect depth and D is the defect diameter. The boundary condition imposed on all surfaces is in form of the following equation E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 3 5 3
where n is the normal vector, α is the absorption coefficient, q 0 is the inward heat flux on the top surface and is equal to 0 on the other surfaces, and h is the coefficient representing heat transfer losses due to convective heat flux with the surrounding atmosphere. h is equal to 5 Wm −2 K −1 on all surfaces, except on the surfaces of the defect where it is equal to 0 to simulate thermal insulation. T ext is the surrounding atmosphere temperature and it is assumed that the radiation heat transfer losses are negligible.
For meshing, free tetrahedral meshes are selected with the choice of a custom element size. The maximum element size is equal to 0.032 mm with a maximum element growth rate equal to 1.35. The smallest element size is obtained near the origin (0, 0, 0) and centrally located on top of the surface [see Fig. 2 (c)]. A fine mesh is constructed with a number of elements ranging from 75,000 to 225,000 due to the presence of a 0.1-mm layer on top of the simulated object surface. Furthermore, the system to solve consists of a number of degrees of freedom ranging from 111,000 to 324,000 and depends on the chosen geometry. Record time stepping is selected to 0.1 s in a range from 0 s to 2 s. The generalized minimal residual method is used, as well as a backward (e) and (f) black plastic, (g) and (h) composite material, (i) and (j) ceramic, (k) and (l) glass transparent object. 10 Journal of Electronic Imaging 061112-2 Nov∕Dec 2015 • Vol. 24 (6) differentiation equation implicit method to help the solver to converge. The interaction of the laser beam with the solid surface produces a thermal wave propagating through the solid media. In the case of a media without any defects and assuming a semi-infinite and isotropic solid, the thermal response is defined by the shape of a symmetric hemisphere 15 as shown in Fig. 2(b) . This response is modified due to the presence of a defect close to the excited area.
The simulation results are depicted in Figs. 3(a)-3(c) by representing the temperature distribution in Kelvin. It can be noted that the temperature intensity increases when the laser heats the defective area. Subsequently, the maximum temperature is reached for defects nearer to the surface. Figures 3(d)-3(f) represent the thermal response using another color map. It can be observed that the amount of the thermal response increases due to the presence of inhomogeneities in the solid media.
Defect detection algorithm
The object surface is punctually scanned using a laser beam and at each of these scans, a thermal image is acquired [see Fig. 7(c) ]. Defect localization is characterized by a change of the heat distribution and, therefore, can be detected with an appropriate image processing algorithm in the thermal images. Our developed framework is depicted in Fig. 4 and can be subdivided into three stages: (1) preprocessing, (2) segmentation, and (3) detection.
Preprocessing. Each acquired thermal image is enhanced by successively subtracting the background, reducing the noise, and stretching the contrast. The background to be subtracted consists of the acquisition of a thermal image before laser stimulation. Additionally, a median filtering is applied to the image to reduce the noise and the denoised image is enhanced through contrast stretching.
Segmentation. Then the enhanced image is segmented using the region growing segmentation algorithm. 16 The initial seed point is automatically placed on the center of the thermal response corresponding to the maximum temperature in the image. Then the region grows if the difference of temperature values of the neighboring pixels and the region's mean is less than a given region membership criterion. The pixel with the smallest difference is assigned to the segmented region.
Detection. The detection is subdivided into two stages: (1) merging and (2) binarization. All segmented images are combined together by creating a matrix s such that the number of white pixels of a given segmented image is assigned to the location ði; jÞ, which corresponds to the location of the laser stimulation. Subsequently, to limit the influence of the emissivity change and robustly detect the defective area, the medians is computed for each region of interest (ROI) with a size (40 × 40) and compared with each value sði; jÞ inside this ROI in order to binarize s: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 1 2 6 s m ði; jÞ ¼ 1 if sði; jÞ ≥ K ×s 0 if sði; jÞ < K ×s ;
where K > 1 and s m ði; jÞ are the resulting binary mask of the defects' detection. If K ≫ 1, the defect detection is more robust to noise. However, only the shallowest defects are detected; if K → 1, the defect detection is subject to noise. However, deeper defects are detected.
Fiber Orientation Assessment
The fiber orientation is estimated based on the pulsed thermal ellipsometry approach. 14 Indeed, the thermal response of a polymer matrix composite material stimulated by a laser beam is elliptic due to the propagation of the heat through the fiber. The framework developed to infer the fiber orientation is depicted in Fig. 5 . Thermal images are acquired with an IR camera and are preprocessed with the following steps: (1) background subtraction, (2) a segmentation using region growing, and (3) an edge detection using Canny edge detector. 17 Three methods are commonly used to fit an ellipse: (1) algebraic fitting, 18 (2) orthogonal least squares fitting, 19 and (3) maximum likelihood algorithms. 20 The two latter methods are suitable for 3-D data, whereas the first method can only be applied to 2-D problems. Algebraic fitting, however, offers a low-computational complexity and is suitable in our case. In this method, the ellipse is formulated by the general conic polynomial E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 6 3 ; 5 7 2 Fða; XÞ ¼ aX ¼ 0;
with E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 3 . 2 ; 6 3 ; 5 3 0
The fitting is performed by a least square minimization of the Euclidean distances such that E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 6 3 ; 4 6 4 arg min
The following constraint yields one solution which corresponds to an ellipse: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 6 3 ; 3 9 4 4AC − B 2 ¼ 1.
4 Experiments and Results Figure 6 illustrates the complete scanning system setup. The system is composed by a FLIR 645 IR camera which captures the thermal radiation and an Nd: YAG laser system to stimulate the object surface. The FLIR 645 IR camera provides a sensitivity range from 7.5 to 14 μm. The Nd: YAG laser system produces a step signal of 1.5 s period and the power of the laser beam is set up at 1.5 W. A galvanometric mirror is used to control the position of the beam, which facilitates the object scanning with a 1-mm resolution. During the experiment regarding the fiber orientation assessment, the motorized rotary stage ZABER T-RS60A is used.
Experimental Setup

Experimental Temperature Profile
In order to validate the simulation results presented in Sec. 3.1.1, a set of thermal images are acquired. In these images, a defective area with a defect of 0.5 mm below the surface and nondefective areas are excited with the laser beam (see Fig. 7 ). As previously predicted in the simulation section, the thermal response of a defective area is different from the nondefective area, allowing nonthrough defect detection.
Nonthrough Defect Detection
Two types of materials are used for the nonthrough defect detection: (1) steel plate and (2) aluminum plate. Both types of plates have nonthrough artificial defects, i.e., circle, square, triangle, and cross. Defects are located between 0.5 and 2 mm below the observed surface for the aluminum plate and between 1 and 3 mm in the case of the steel plate. The The results are depicted in Fig. 8 by superimposing with a color map on the raw image (i.e., red pixels are the nonthrough defects). Figure 8 (a) shows a steel plate with circular nonthrough defects, in which defects have diameters of 9, 7, 5, and 3 mm, from left to right. Each defect is positioned at a different depth 1, 2, 2.5, and 3 mm, from bottom to top. Only defects with a depth less than or equal to 2.5 mm are detected. However, the defects with a diameter less than 5 mm are not detected as shown in Fig. 8(b) . In addition, for the aluminum plate, all defects are detected and the shape of the defect can be distinguished [see Fig. 8(d)] .
To study the repeatability of the technique, our framework is evaluated on steel plate with 16 identical circular defects located at 1-mm depth and a 10-mm diameter. The result of this experiment is depicted in Fig. 9(b) , in which all defects are successfully detected.
Fusion of Defect Localization and
Three-Dimensional Data To assess the quality of the fusion between the defect localization and the 3-D data, a steel object is scanned [see Fig. 10(a) ] to acquire a set of thermal images. The steel object contains nonthrough circular defects in the planar part with a depth of 1 mm. The scanned area corresponds to the highlighted red delimitation depicted in Fig. 10(a) . A similar method as proposed by Bajard et al. 8 is used to obtain the 3-D information and the defects are detected as in Sec. 3.1.1. The coordinate system is the same for the 3-D and the defect information due to the fact that these data are acquired with the same system. Therefore, the fusion between these data is straightforward, which overcomes the matching problem faced by other methods as stated in the Sec. 1.
Fiber Orientation Assessment
In this section, we evaluate our framework for detecting the fiber orientation of carbon fiber composite material [see Fig. 11(a) ]. The fiber orientation is estimated using the methodology presented in Sec. 3.2. The initial experimental setup is as follows: first, the material is heated with the laser beam, the thermal radiation is recorded, and the orientation of the fiber is inferred. Second, the experiment is repeated by rotating the carbon plate by 90 deg. The results of the ellipse fitting are depicted in Figs. 11(b)-11(d) . The algebraic fitting qualitatively shows an accurate fitting as shown in Fig. 11(d) , in which the blue dots represent the raw data, the green curve is the fitted ellipse, and the red line represents the ellipse major axis orientation. As expected, the ellipse orientation follows the material rotation as depicted Fig. 12 . The previous experiment is repeated, acquiring four measurements for different orientations ranging from −10 deg to −60 deg with a step of 10 deg. The absolute orientations are estimated and the mean and standard deviation are computed as presented in Table 1 . The average relative orientation is equal to 10.8 deg with a standard deviation of 1.7 deg and can be compared with the step which is set to 10 deg.
Conclusion and Future Works
In this paper, a system based on the SFH approach is proposed for detecting nonthrough defects and fiber orientation. On one hand, experiments conducted on steel and aluminum plates showed that nonthrough defects up to 2.5 mm are detected. On the other hand, a test was carried out in order to investigate the influence of the depth and the size of the defects on the defect detection. In addition, accurate fiber orientation assessment is achieved with an experimental standard deviation of 1.7 deg. The use of the SFH for NDT application and the 3-D digitization offers the prospect to imagine an industrial system that can give a complete solution for the quality control process. As future works, tests will be done on different specimens to explore the influence of material properties, defect size, and depth on the detection method. Detecting defects on complex objects is a tough challenge in active thermography. Our technique has proven to be effective for nonthrough defect detection on planar objects. The next step is to investigate the possibility of detecting defects on complex geometry objects. Moreover, kinetic analysis of the thermal radiation could allow to estimate the depth of the defect. 
